UV-absorbing compounds in the coral PociZZopora dumicomis: Interactive effects of UV radiation, photosynthetically active radiation, and water flow Abstract-A direct relationship exists between irradiance of solar ultraviolet (UV) radiation and concentration of UV-absorbing compounds, know as mycosporine-like amino acids (MAAs), in the Hawaiian reef coral Pocilloporu dumicornis.
However, MAA concentration is also influenced by flow regime and the irradiance of photosynthetically active radiation (PAR). High irradiances of UV radiation in reef environments are correlated with high PAR and high water velocity, because all three parameters diminish exponentially with increased depth. This correlation can also be found along horizontal gradients on reefs. The clearest water is typically found on outer reefs growing in oceanic water. These ocean reefs typically experience high water velocities due to ocean swell when compared to the more turbid lagoon reefs exposed only to small wind-driven waves. Flow-modulated photosynthetic rate seems to be a major factor affecting the observed changes in MAA concentration when P. dumicornis is grown under different flow regimes and identical h-radiances of UV and PAR radiation. High PAR and high water velocity significantly enhance the effect of increased UV radiation on MAA concentration.
Reef corals thrive under irradiances of solar ultraviolet radiation that would kill or severely damage many forms of marine life (Jokiel 1980) . Additionally, reef corals are metabolically dependent on intracellular symbiotic dinoflagellates, commonly known as zooxanthellae, and will eventually die if deprived of photosynthetically active radiation (PAR) (Franzisket 1970) . Thus it would be advantageous for coral animal tissue to be transparent to useful PAR wavelengths and opaque to potentially damaging UV wavelengths. Early work suggested that an undefined substance termed "S-320" had such characteristics and might act as a protective screen against UV radiation (Shibata 1969) . Concentration of this material was shown to decrease with increasing depth, presumably as a result of attenuating UV radiation (Maragos 1972; Dunlap et al. 1986; Shick et al. 1995) . Growth of zooxanthellae in vitro is inhibited by solar UV (Lesser and Shick 1989) , but zooxanthellae in vivo apparently are not affected (Jokiel and York 1982) unless a nonacclimatized coral is subjected to a sudden increase in UV irradiance (Scelfo 1984; Gleason 1993) . The S-320 material in corals was subsequently identified by Dunlap and Chalker (1986) as a group of compounds known as mycosporine-like amino acids (MAAs). This field of inquiry grew rapidly and a great deal is now known about the structure and distribution of MAAs (e.g. Karentz et al. 1991; Shick et al. 1992; Stochaj et al. 1994) . A hypothesis implicit in much of this work is that organisms produce MAAs in direct response to UV radiation and that MAAs function to protect the organism from UV radiation damage. This paper describes a series of investigations on distribution and changes in MAA concentration in the reef coral Pocilloporu damicornis L. in relation to UV radiation irradiance, PAR irradiance, and flow regime. Experiments were conducted at the Hawaii Institute of Marine Biology (HIMB) on the Point Reef off Coconut Island in Kaneohe Bay, Oahu, Hawaii.
Specimens of P. dumicornis were collected by scuba diving at depths of from 1 to 7 m on the Point Reef during summer 1984 and again during summer 1991. Portions of freshly collected colonies were used for the laboratory analyses of MAAs as well as soluble protein in the experiments described below.
Spectral data (300-700 nm) were recorded with a LiCor LI-18OOUW scanning spectroradiometer. The cosine-corrected collector and sensors have a nominal bandwidth of 8 nm and were programed to scan from 300 to 700 nm in 2-nm intervals. Despite the 8-nm bandwidth, the instrument compares very well with other underwater systems with regard to stray light rejection (Kirk et al. 1994) . The instru-\ ment was deployed using scuba at six depths after a measurement of surface incident solar irradiance at approximately local noon. All six depths were measured within a 20-min interval. For each depth three scans were taken and the mean reported in units of mW m-2 nm-I. Integrated values of unweighted UV radiation (300-400 nm) and UVB radiation (300-320 nm) for each depth are reported in Table 1 .
Initial experiments (bathymetric study, within colony distribution, and time course experiment) were conducted during summer 1984. The extraction and analysis of MAAs were performed according to the procedures in Dunlap and Chalker (1986) and Dunlap et al. (1986) using high-performance liquid chromatography (HPLC). Coral samples were sequentially extracted in three volumes of 70% aqueous methanol. Extracts were filtered (glass fiber), distilled under vacuum to -20% of the original volume, and passed through a Waters C-18 Sep-Pak column to remove the apolar photosynthetic pigments. Volume was restored with 10% methanol and samples were then run on a Brownlee Spheri-5 (25 cm) RP-8 column with an RP-8 guard column and eluted at 0.7 ml min-' with 10% aqueous methanol in 0.1% acetic acid. Peaks were detected at 3 13 nm. Peaks were baseline corrected and integrated before concentrations were calculated using available molar extinction coefficients (Ito and Hirata 1977; Takano et al. 1978a,b) . These concentrations were then corrected using the calculated extraction efficiencies.
The three MAAs (mycosporine-glycine, palythine, and palythinol) known at the time of the initial 1984 investigations were identified using co-chromatography with stan- Table 1 . Total photosynthetically active radiation (PAR, 400-700 nm) and the integrated spectral irradiance of UV (300-400 nm) and UVB (300-320 nm) radiation calculated from the underwater spectral scans at the Point Reef (Hawaii Institute of Marine Biology). The weighted UV radiation irradiances were calculated using the biological weighing function for the inhibition of photosynthesis by UV radiation in Pocilloporu dumicomis (Lesser and Lewis 1996) dards from Palythoa turberculosa. MAAs were normalized to total coral protein that was measured by the procedure of Bradford (1976) with bovine gamma globulin as a standard. During the subsequent experiments of 199 1 (flow experiment), a broader suite of MAAs was extracted and analyzed according to the procedures in Shick et al. (1992) and Stochaj et al. (1994) . Samples were extracted in 5 ml of HPLC grade 100% methanol. Individual MAAs were separated by reverse-phase isocratic HPLC on a Brownlee RP-8 column protected with an RP-8 guard, in an aqueous mobile phase including 0.1% acetic acid and 55% methanol. Detection of peaks was by UV absorbance at 313 and 340 nm. Identities of peaks were confirmed by co-chromatography with authentic standards consisting of mycosporine-glycine, shinorine, porphyra-334, palythine, aster-ma-330, palythinol, and palythene. Peaks were integrated and quantification of individual MAAs was accomplished using the standards listed above or by on-line diode array spectroscopy and molar extinction coefficients for the individual compounds as described by Shick et al. (1992) . All MAAs were normalized using the soluble protein from an aliquot of the extracted sample. Protein was analyzed using the procedure of Bradford (1976) with bovine serum albumen as a standard.
Branches from the upper portions of P. damicornis colonies that had been collected at depths of 1, 2, 3, 5, and 7 m from the Point Reef at HIMB were frozen immediately for subsequent analysis. Samples were analyzed for MAAs and total coral protein content as described above.
Replicate branches from colonies collected at 1 m were cut into branch segments consisting of 2-cm intervals beginning at the branch tip (O-2 cm) and continuing down toward the base of the branch (6-8 cm). These branch segments were analyzed for MAAs and total coral protein as described above. Resulting data were tested with an ANOVA at a significance level of 5%. No unequal variances were detected bY the Fmax test, and individual treatment differences were assessed with the Student-Neuman-Keuls (SNK) multiple comparison test.
A short-term experiment to examine the persistence of MAAs after removal from the full spectral irradiance natural photic regime was evaluated. Colonies of P. dumicornis were maintained outdoors in a large (1 m2 X 0.5 m deep) continuous-flow aquarium compartmentalized with optical filters into a matrix of six treatments (three PAR intensity treatments overlaid by two UV radiation treatments). Treatment position was randomized. All corals were grown in the same aquarium with vigorously circulating seawater. The two UV radiation treatments consisted of a full-spectrum sunlight (UV-transparent fluorohalocarbon filter) treatment designated UVT and a treatment without UV radiation (UVstabilized polycarbonate, 400 nm cutoff) designated UVO. The optical characteristics of these filter materials were described in Jokiel and York (1984) . Three PAR intensity treatments were established with neutral density, black mesh filters. These treatments were designated as follows: full solar, 80% of surface PAR; medium solar, 35% of surface PAR; and shade, 2% of surface PAR. Corals were acclimatized in the aquarium for 2 weeks under full natural solar radiation. Then, the six radiation treatments were superimposed (day 0) and branch tip samples for time 0 were taken and frozen. After 7 d of treatment, a second set of upper branch tips were removed from each treatment and frozen. Branch tips taken on days 0 and 7 were analyzed for MAAs, which were normalized to protein as described above. The results were analyzed using a two-way ANOVA at a significance level of 5%. The two main effects were PAR and UV radiation.
Individual colonies of P. damicornis were acclimatized in outdoor fiberglass microcosm tanks as described by Jokiel (1978) and Lesser et al. (1994) . All microcosms were exposed to full solar irradiance and received a continuous flow of seawater. The microcosms were designated as no flow (NF), low flow (LF), and high flow (HF). The mean flow in the respective microcosms, as measured by thermistor probe mass flowmeters, was NF, 0.8 + 0.2 cm s-l; LE 1.3 ? 0.4 cm s-l; and HF, 11.0 + 2.1 cm s-l (Lesser et al. 1994) . The mean flow differences between microcosms were statistically significant with multiple comparison testing separating all treatments for maximum flows and grouping NF and LF together, but significantly different from HF, for mean flows (Lesser et al. 1994) . Branches (n = 3) from treatment colonies were sampled and frozen until analyzed as described above for MAAs and soluble protein. The results were analyzed with an ANOVA at a significance level of 5%. No unequal variances were detected with the F,,, test, and individual treatment differences were assessed with the SNK multiple comparison test.
UV wavelengths are attenuated more rapidly than are PAR wavelengths in the estuarine waters of Kaneohe Bay off the Point Reef, but biologically meaningful levels of UV irradiance penetrates to depths of 3-5 m (Table 1) . Both palythine and palythinol show a distinct decrease in concentration with increasing depth to 5 m (Fig, l) , whereas mycosporine glycine shows a general pattern of decreasing concentration with depth that levels off or increases again at greater depths (Fig. 1 ). There is a distinct relationship between the concentration of MAAs and the unweighted irradiance of either total UV or UVB radiation. The decreasing MAA concentrations correlate very well with the calculated irradiance of unweighted UV radiation (Fig. 1, Table 1 ).
Within colony variation for the concentration of MAAs was not significant for mycosporine glycine (ANOVA, P = 0.25), whereas the differences within branches were significant for palythine (ANOVA, P = 0.002) and palythinol (ANOVA, P = 0.003). For both palythine and palythinol, multiple comparison testing showed that the tip segment (O-2 cm) and the 2-4-cm segment of the branch were significantly different from one another (SNK, P < 0.05) and each was different from the 4-6-cm and 6-8-cm branch segments, which were indistinguishable from each other (SNK, P > 0.05). In all cases there was a decrease in the concentration of MAAs with increasing distance from the branch tip (Fig.  2) .
For mycosporine glycine there was no significant effect of UV radiation or PAR on the concentration of MAAs, although after 7 d the concentrations of mycosporine glycine were lower at low irradiance and in photic regimes lacking UV radiation (Table 2) ythinol, however, both showed a significant independent effect of PAR on the concentration of MAAs and significant interactive effects with UV radiation (Table 2 ). For both palythine and palythinol, multiple comparison testing grouped the medium solar and shade treatments together (SNK, P > 0.05) but they were significantly different than the full solar treatment (SNK, P > 0.05). Improved MAA extraction techniques have detected additional MAAs in P. damicornis (asterina-330 and palythene; Lesser unpubl. data) since the 1991 experiments were performed. All MAAs quantified in the 1991 experiments showed a higher concentration at higher water flow (Fig. 3) . Significant effects of flow were detected for mycosporine glycine (ANOVA, P = 0.036), shinorine (ANOVA, P = O.OOl), and porphyra-334 (ANOVA, P = 0.0004). The unknown MAA (quantified using the response factor from palythinol and likely mycosporine-glycine : valine), palythine, and palythinol did not show statistically significant effects (ANOVA, P > 0.05). For mycosporine glycine and shinorine, multiple comparison tests group the low flow and no flow treatments together (SNK, P > 0.05), which show significantly different effects than does the high flow treatment (SNK, P < 0.05). For porphyra-334, all treatments are significantly different from one another (SNK, P < 0.05).
Our results demonstrate that the concentrations of various MAAs in the reef coral P. dumicornis are higher when the corals are grown at high it-radiances of UV radiation, but also are higher when grown at high PAR or high water flow. Results of laboratory investigations or field studies showing differences or changes in MAA concentration in corals must consider the possible importance of factors other than UV irradiance. Interpretation is difficult in field situations because UV irradiance, PAR, and water flow often covary on reefs.
In our experiments, differences in MAA concentrations were observed on a macroscale (along depth gradients in the field) as well as on a microscale (along branches within coral colonies). A controlled laboratory experiment demonstrated changes in MAA concentration due to UV and PAR where water motion was the same in each treatment. A second controlled experiment demonstrated a direct relationship between MAA concentration and water flow under conditions where UV radiation and PAR were identical in each treatment. Our discussion of these results centers first on the relationship between UV radiation, PAR, and water velocity on coral reefs. Next, we provide a possible mechanism for the observed results.
A vertical profile of water motion vs. depth for the Point Reef, Kaneohe Bay (Fig. 4) , demonstrates that high irradiantes of UV radiation in reef environments are correlated with high PAR and high water velocity. All three parameters diminish exponentially with increasing depth. Water motion is represented as diffusion factor (DF), which is an index of water motion that is directly proportional to flow velocity (see Jokiel and Morrissey 1993) . Note that water motion (Fig. 4) diminishes in a manner analogous to that for PAR and UV radiation (Table 1) . On most coral reefs the correlation will be further strengthened because the clearest water is typically found on ocean reefs that exhibit extremely high water velocities due to ocean swell. The more turbid inshore or lagoon reefs are exposed only to small wind-driven waves (e.g. Jokiel and Morrissey 1993; Jokiel and Tyler 1993) .
Other workers have previously suggested that MAA production is linked to PAR and photosynthesis. Concentrations of MAAs in the dinoflagellate Alexandrium excavatum increase at higher PAR intensity and diminish if photosynthesis is blocked by the herbicide DCMU (Carreto et al. 1990) . Scelfo (1984) showed an effect of PAR, as well as UV radiation, on the concentration of MAAs in the coral Montipora verrucosa. MAAs have been described as a product of the shikimate pathway (Bentley 1990) . The shikimate pathway in higher plants, bacteria, and algae produces prearomatic and aromatic compounds (e.g. the aromatic amino acids, plastoquinone) from carbohydrate precursors (Bentley 1990 ). This pathway is vital for intermediate metabolism and
Notes is functionally linked to photosynthesis (Bentley 1990) . Increasing the photosynthetic rate could conceivably increase the flux of carbohydrate through this pathway, with consequent increase in MAA production.
During our experiments, corals grown in the same flow regime but exposed to different solar radiation treatments (with and without UV radiation at three different PAR intensities) showed changes in MAA concentration. However, the presence or absence of solar UV radiation had a significant effect only in interaction with PAR (Table 2) . Daily PAR and UV radiation are coupled environmental factors. Both change in unison over a daily and an annual cycle. Both change with changes in cloud cover. Both PAR and UV radiation attenuate exponentially with increasing water depth, although UV radiation generally diminishes at a more rapid rate. Thus, it is difficult to separate out the relative importance of PAR and UV radiation on MAA concentration in most field experimentation.
Flow-modulated metabolic rates have been demonstrated in hermatypic corals (Patterson et al. 1991; Lesser et al. 1994 ). In the study by Lesser et al. (1994) an increase in photosynthetic rate with increasing flow under the same photic regime was demonstrated along with an increase in the flux of carbon through the primary metabolic pathways. Photosynthesis is known to supply carbohydrate for the only known pathway of MAA biosynthesis, so an increase in MAA concentration via flow-modulated metabolism might be expected, but largely as the result of higher photosynthetic rate. In situations where photosynthesis is depressed, as during temperature stress with or without exposure to UV radiation, the production of MAAs decreases (Lesser et al. 1994; Glynn et al. 1993) . Branch tips show high concentration of MAAs that diminish rapidly in the shaded portion between the branches. Microscale differences along branches may also be accounted for by flow-modulated metabolic rates where variability in flow between the base and tips of branches is likely to exist. Gladfelter et al. (1989) showed distinct metabolic gradients along the branches of the coral Acroporu palmata, although they did not invoke flow modulation of metabolic rates to explain these gradients. Water flow, as well as PAR and UV radiation, diminishes between the branches of a colony (Chamberlain and Graus 1975; Lesser et al. 1994) .
What environmental factors and selective pressures induce the production of MAAs? PAR and flow regime apparently influence MAA concentration along with UV radiation. All three environmental factors are highly correlated on depth gradients as well as along horizontal gradients on reefs (e.g. Jokiel and Tyler 1993) . Corals growing in high water motion environments under prolonged cloudy conditions will maintain a high concentration of MAAs. These corals are essentially preadapted to tolerate sudden onset of clear-sky conditions with associated high solar radiation. Therefore, selection perhaps has not discriminated between the three environmental variables for the production of MAAs. The result of this response to PAR and water flow would be that high MAA concentrations will occur in coral tissue areas where UV radiation is highest. Thus, a response to all three produces the same result as a direct response to only UV radiation.
Differences and changes in concentrations of MAAs in reef corals are not simply linked to differences in UV radiation, but clearly are influenced by changes in water motion and PAR irradiance. We speculate that high production and high concentration of MAAs in reef corals may be directly related to high photosynthetic rate. As noted above, MAA production might be a secondary spin-off effect of the shikimate pathway. The production and accumulation of MAAs in reef corals are partially regulated by the key environmental forcing functions of UV, PAR, and water velocity. It is possible that other factors controlling photosynthetic rate in these corals will influence MAA concentration. The precise importance of each variable acting independently or synergistically with the others remains to be established.
